A subterranean, stone-built, sediment-filled culvert discovered during excavations at the Agora (Athens, Greece) 582-3. 
INTRODUCTION
One of the most significant technological achievements of the Romans was their ability to construct major civil engineering works-that is, aqueducts and watercourses-to supply fresh water to optimal locations within towns and cities; for example, public baths. Equally important, but perhaps less visually striking, was their ability to deal with the large quantities of waste water contaminated with human excrement produced by major towns and cities. Such projects involved the construction of complex networks of subterranean sewers capable of long-term use, in some cases over several centuries (Carcopino 1956 ), delivering waste from point locations within domestic, public and administrative centres to discharge points in adjacent rivers, where the noxious wastes could be swept to the sea, usually by natural river flow.
The sewers themselves range from huge structures of the type, many metres in height and diameter, that are still in use in parts of Rome to the smaller arterial drains designed to carry lesser amounts of waste from more remote parts of towns; these peripheral culverts often formed a complex network that finally adjoined a major discharge or river course (White 1984; Humphrey et al. 1998) .
Work by this laboratory has shown bile acids to be a useful marker of faecal pollution in the natural environment, with a stability surpassing that of related faecal biomarkers such as 5β-stanols (Elhmmali et al. 1997; . More recent studies have exploited the highly diagnostic nature of bile acids to determine the source of manure inputs to ancient, anthropogenic deep topsoil formations in West Mainland Orkney, UK (Simpson et al. 1999) , and to differentiate between agricultural and urban faecal inputs to sediment and particulates in the River Avon, UK (Elhmmali et al. 2000) . In this study, a biomolecular analysis of sediment taken from in and around a suspected late Roman street drain was made. The drain was substantial, built with a large U-shaped tile channel at the bottom, side walls of tiles set in mortar and a cover of shallow, curved terracotta tiles. Analysis of lamps recovered from the silt accreted in the channel revealed that it had been abandoned during the late sixth to early seventh century ad, which most likely coincides with the mass abandonment of the Agora during the late sixth century, presumably due to the Slavic incursion in ad 582-3 (Camp 1996) . This investigation tests a twofold hypothesis: (a) that the structure was indeed used in the transport of sewage effluent; and (b) that bile acids are more recalcitrant (and hence more useful as an indicator of faecal pollution) in archaeological soils and sediments than 5β-stanols, which have hitherto received far more interest as markers of faecal deposition in antiquity.
MATERIALS AND METHODS

Sample collection
Seven sediment/soil samples were taken from in and around the suspected Roman drain. Five samples were excised from the sediment accreted within the culvert. The first of these was collected from the surface top layer of the drain, and then successive samples were taken at increasing depths, starting from 15 cm below the first sample. The fifth sample was taken from the very bottom. Two control samples were taken 5 m east and west from the suspected drain and were denoted as controls 1 and 2, respectively. All samples were air dried and stored at room temperature.
Extraction and isolation of bile acids and sterols
Soils were ground to a fine powder with a ceramic pestle and mortar and then sieved through a 250 µm sieve. Powdered soil was inoculated with 20-120 µg of two internal standards (hyocholic acid and 5β-pregnan-3α-ol) and solvent extracted for 24 h in a standard Soxhlet apparatus, utilizing a dichloromethane/methanol (2:1 v/v) solvent system: solvent was removed from the total lipid extract (TLE) under reduced pressure. Samples were then saponified by the addition of 5 ml of 5 M potassium hydroxide in 90% methanol to the TLE, followed by heating at 120°C for 1 h. After cooling, a further 10-15 ml of double distilled water was added to the organic extract, which was then acidified to pH 3-4 with 6 M hydrochloric acid, monitored using a pH meter. Saponified organics were then extracted into chloroform (3 × 10 ml), combined and the chloroform removed under reduced pressure. The residue was then re-dissolved in dichloromethane/methanol (2:1 v/v) and passed through a short glass column filled with anhydrous sodium sulphate to remove any residual water that might affect the efficiency of ensuing separation processes; solvent was removed under a gentle stream of nitrogen.
Residues were applied to a pre-eluted (hexane, 6 ml) solid-phase extraction column with an aminopropyl bonded phase as solutions in dichloromethane/isopropanol (2:1 v/v). A neutral fraction containing predominantly n-alkyl alcohols and sterols was eluted with a further 5 ml of dichloromethane/isopropanol (2:1 v/v), and a second more polar fraction containing carboxylic and hydroxylated carboxylic acids was eluted with 12 ml of 5% acetic acid in diethylether (v/v). 5β-stanols were isolated from the neutral fraction following procedures reported previously by Bull and others in 1999. The polar fraction, which contained-amongst other components-bile acids, was then evaporated under a gentle stream of nitrogen, re-dissolved in 1 ml of methanol and methylated by adding 10 ml of freshly prepared diazomethane in diethylether, and left at room temperature for 12 h. Diethylether and excess diazomethane were removed under a gentle stream of nitrogen, and the residue dissolved in dichloromethane/hexane (2:1 v/v) and further fractionated on an activated (120°C, 24 h) silica gel flash column. After eluting with a further 5 ml aliquot of dichloromethane/hexane (2:1 v/v) the fraction containing bile acids was eluted with 5 ml dichloromethane/methanol (2:1 v/v); solvent was removed under a gentle stream of nitrogen.
Derivatization
The bile acid and sterol fractions were converted to their trimethylsilyl (TMS) derivatives by adding 100 µl of TMS reagent (dry pyridine/hexamethyldisilazine/trimethylchlorosilane 9:3:1 v/v/v), leaving to stand under nitrogen at 70°C for 1 h. The excess derivatizing agents were removed under a gentle stream of nitrogen. Derivatized samples were then diluted with an appropriate volume of hexane prior to instrumental analysis.
Instrumental analysis
Aliquots (0.5-1.0 µl) of all samples were injected manually into a Hewlett-Packard 5890 Series II GC using on-column injection. The analytes were separated using a Chrompack CPSil-5CB fused silica capillary column (50 m × 0.32 mm i.d. × 0.12 µm film thickness). The oven was held for 1 min at 40°C following injection, then temperature programmed from 40°C to 230°C at 20°C min −1 , then to 300°C at 2°C min −1 holding at that temperature for 20 min. Hydrogen was used as the carrier gas (10 psi column head pressure), and a flame ionization detector (FID) was used to monitor the column effluent during GC analyses. GC/MS analyses were carried out using a Carlo Erba HRGC 5160 Mega series GC, comprising an on-column injector coupled to a single-stage quadrupole MS (Finnigan MAT 4500). The GC conditions were similar to those used for the GC analyses. The temperature of the interface between the GC and MS was held at 300°C. The MS operating conditions were as follows: ion source 170°C, filament current 0.25 mA, electron voltage 70 eV, scanning m/z 50-650, at one scan per second, helium was employed as carrier gas. Data acquisition and processing were carried out using an INCOS data system. Peak assignments were made by comparison of literature mass spectra and comparisons of retention times with those of authentic standard compounds, followed by co-injection. Quantification was based on GC-FID peak areas with reference to an internal standard.
RESULTS AND DISCUSSION
Bile acids
Figure 1 depicts partial gas chromatograms of the bile acid fraction separated from (a) the sample taken from 70-75 cm at the base of the drain fill and (b) control sample 1. The identities of the major hydroxy acids in both fractions are listed in Table 1 . The distribution of hydroxy acids observed in the sediment excised from the bottom of the drain is dominated by the major components 3α-hydroxy-5β-cholanoic acid (lithocholic acid; 6) and 3α,12α-dihydroxy-5β-cholanoic acid (deoxycholic acid; 8) with a much lower abundance of 3α,7α-dihydroxy-5β-cholanoic acid (chenodeoxycholic acid; 9), 3α,7α,12α-trihydroxy-5β-cholanoic acid (cholic acid; 10), 3α,6α-dihydroxy-5β-cholanoic acid (hyodeoxycholic acid; 11), 3α,7β-dihydroxy-5β-cholanoic acid (ursodeoxycholic acid; 12) and 3α-hydroxy-12-oxo-5β-cholanoic acid (13). Figure 1 Peak label Compound assignment 1 C 22 diacid 2 C 22 ω-hydroxy acid 3 C 24 α-hydroxy acid 4 C 24 ω-hydroxy acid 5 3 β-hydroxy-5β-cholanoic acid 6 3 α-hydroxy-5β-cholanoic acid (lithocholic acid) 7 3 α,12α-dihydroxy-5α-cholanoic acid (allodeoxycholic acid) 8 3 α,12α-dihydroxy-5β-cholanoic acid (deoxycholic acid) 9 3 α,7α-dihydroxy-5β-cholanoic acid (chenodeoxycholic acid) 10 3α,7α,12α-trihydroxy-5β-cholanoic acid (cholic acid) 11 3α,6α-dihydroxy-5β-cholanoic acid (hyodeoxycholic acid) 12 3α,7β-dihydroxy-5β-cholanoic acid (ursodeoxycholic acid) 13 3α-hydroxy-12-oxo-5β-cholanoic acid 14 3α,6α,7α-trihydroxy-5β-cholanoic acid (hyocholic acid)
The healthy human excretes anywhere between 0.2 g and 0.6 g of bile acids per day, with the majority of these acids being present in their unconjugated forms (Huang et al. 1976; Setchell and Matsui 1983; Tanida et al. 1984 Tanida et al. , 1985 arising as a direct result of the extensive bacterial degradation of primary bile acids (chenodeoxycholic acid and cholic acid) that takes place in the digestive tract. Previous studies investigating the distribution of bile acids in human faeces have recorded a dominance of deoxycholic acid, with a relatively lower concentration of lithocholic acid (Eneroth et al. 1968; Matsui 1983, Setchell et al. 1987; Güldütuna et al. 1993) . The profile obtained from the base of the drain fill is concordant with a large input of faecal material with a bile acid profile paralleling that observed to occur in human excrement. The additional occurrence of hyodeoxycholic acid in the drain fill may be explained by a faecal input from another source, possibly pigs or rats, both of which produce substantial amounts of this bile acid in their faeces (Elhmmali 1998) . The presence of bile acids in the control sample taken from natural soil situated 5 m from the site of the culvert also suggests an input of faecal material above that which might be expected for a natural background. This may be rationalized by the spillage or diffusion of drain contents during use, at times of flooding or during emptying. However, the lower concentration of bile acids in the control soil (Fig. 2) , coupled with a relatively higher proportion of hyodeoxycholic acid, indicates only a minor contribution from the drain contents augmented by an input from indigenous wildlife; for example, rats. The possibility that hyodeoxycholic acid may have been formed by the in situ transformation of sterols or other bile acids may be dismissed in light of results from a degradation experiment conducted previously by Elhmmali and others (1997) , which-remarkably-showed no evidence for the operation of this pathway throughout the entire sewage treatment process despite ample opportunity for microbiologically mediated conversion. Figure 2 also summarizes the concentration of bile acids extracted from the remainder of the culvert profile. Clearly, the elevated concentration of bile acids in the lower part of the drain indicates that the faecal material was concentrated here and, as such, represents the best chemical remnant supporting the use of the culvert as a means of transporting urban sewage, which would have largely comprised human waste. A summary of the sterol assignments is given in Table 2 . The distribution of sterols observed in the first of these two samples is dominated by 5β-cholestan-3β-ol (coprostanol; b) with lower abundances of the epimer 5β-cholestan-3α-ol (epicoprostanol; c) and the C 29 analogues of these; namely, 24-ethyl-5β-cholestan-3β-ol (5β-stigmastanol; f ) and 24-ethyl-5β-cholestan-3α-ol (5β-epistigmastanol; h). Additionally, the stenol precursors cholest-5-en-3β-ol (cholesterol; d), 24-methylcholest-5-en-3β-ol (campesterol; g) and 24-ethylcholest-5-en-3β-ol (sitosterol; i) are present, as are the naturally occurring 5α-reduction products 5α-cholestan-3β-ol (5α-cholestanol; e) and 24-ethyl-5α-cholestan-3β-ol (5α-stigmastanol; j). 5β-stanols are commonly formed by the reductive action of enteric bacteria on stenol precursors that are either ingested or biosynthesized by mammals as these compounds pass through the gut and are excreted with faeces (Murtaugh and Bunch 1967; Hatcher and McGillivary 1979) . Coprostanol has long been established as the major 5β-stanol present in human faeces, a fact that has led to its extensive use in medical (e.g., Barker et al. 1993; Midtvedt and Midtvedt Figure 3 Peak label Compound assignment
1993), pollution (e.g., Leeming et al. 1997 ) and archaeological studies (e.g., Lin et al. 1978; Knights et al. 1983; Pepe et al. 1989; Pepe and Dizabo 1990; Bethell et al. 1994; Simpson et al. 1998; Bull et al. 1999a Bull et al. -c, 2002 ). The sterol distribution obtained from the bottom of the drain fill is consistent with that of human-derived sewage, thereby corroborating the origin inferred from the corresponding bile acid data. In complete contrast, the distribution of sterols obtained from control sample 1 is dominated by cholesterol and sitosterol, with only very minor amounts of 5β-stanols. The most likely sources of these two stanols are soil fauna and vegetation, respectively. Interestingly, the distribution of sterols throughout the remainder of the profile is fairly consistent with the control, only the samples at 40-45 cm and 70-75 cm giving compound distributions indicative of faecal input, with large amounts of this input being present only in the latter of these two samples. The anomalously high abundance of epicoprostanol compared with coprostanol in this sample may be caused by an anaerobic, bacterially induced isomerization, as previously reported by McCalley and others (1981) in digested sewage sludge. Work by Grimalt and others (1990) has shown that the ratio coprostanol/(coprostanol + 5α-cholestanol)
can be used to assess faecal pollution, where a value of 0.7 or greater is considered to be positive identification of significant sewage pollution. The possibility of conversion of coprostanol to epicoprostanol under anaerobic conditions has already been mentioned above, and previous work has utilized the modified ratio
as a more accurate parameter for ascertaining faecal matter inputs (Bull et al. 1999a) . Figure 4 summarizes the values obtained using ratio (2) for each of the samples analysed. The drain fill sample from 70-75 cm can be clearly observed to give a value of 0.86, far in excess of the 0.7 threshold and thereby confirming the high amount of faecal material constituting the fill at the very bottom of the drain. Moreover, the ratio observed for control sample 1 is also high (0.75), indicating-on the basis of 5β-stanol data alone-a significant level of faecal contamination, although qualitative bile acid data would suggest an alternative source for the contents of the culvert (see above). 
Bile acids versus 5β-stanols
Whilst the utility of bile acids as biomarkers of faecal deposition has been established, 5β-stanols still remain the more popular class of compounds used in studies assessing such inputs to contemporary soils and sediments. Previous analyses of modern, urban sewage have shown it to contain c. 1300 µg l −1 of coprostanol, compared with c. 65 µg l −1 of deoxycholic acid (Elhmmali et al. 1997) . Figure 5 summarizes the absolute concentration of biomarkers diagnostic of human faeces extracted from the samples analysed in this study. A drastic reverse in the relative abundances of coprostanol and deoxycholic acid (and lithocholic acid) can be observed in every sample, compared with those observed in human sewage. This is most severe in the 70-75 cm sample which contains 2.3 µg l −1 of coprostanol and 14.1 µg l −1 of deoxycholic acid. Clearly, bile acids exhibit a greater recalcitrance in the natural environment. However, it remains unclear as to whether this resistance to degradation is conferred by an inherently higher stability or protection by either chemical conjugation or a physical association with soil particulates. Judging from these data, bile acids provide a more sensitive test of faecal contamination, but for a comprehensive and fully qualitative assessment both bile acids and 5β-stanols should be used in conjunction, to securely identify specific sources of faecal material (i.e., human, porcine or ruminant). 
CONCLUSIONS
This study has been concerned with the analysis of faecal biomarkers extracted from the profile of a suspected Roman sewage culvert. Bile acids and 5β-stanols extracted from the drain fill provide a history of its use and abandonment. For example, the strong sewage signal at the bottom of the fill represents the residue of the contents flowing through the drain during its last period of use, while the weaker signal in the upper layers represents sediment fill, low in faecal matter, introduced after the drain fell out of use and, as such, more closely resembles the control samples than those obtained from the sediment at its base. A number of interesting points may be drawn from the results of this study, as follows: (a) The detection of bile acids and 5β-stanols in a 1400-year-old sediment confirms the high resistance of these classes of compound to degradation in the natural environment.
(b) The high concentration of bile acids and 5β-stanols and the high value obtained for ratio (2), particularly in the fill at the base, confirms that the structure was a sewage culvert. (c) Control samples taken from close to the drain show weak faecal signatures, suggesting that soil fauna, flooding or human agents could have carried away and re-deposited the faecal material in the past.
Of particular note is the low abundance of coprostanol relative to deoxycholic acid in these samples. Whilst this is concordant with results obtained from the degradation of modern sewage material (Elhmmali et al. 1997) , this study clearly demonstrates the inherently greater resistance of bile acids to degradation over an archaeological timescale (1400 years) and therefore, given the well-defined source of the analysed sediment, supports the use of such biomarkers in the determination of faecal inputs of more ambiguously sourced samples in antiquity. 
